Observation of the electrical potential difference across the cell membrane is described as a new method for monitoring apoptosis of a single cell. The resting membrane potential (DC) of Xenopus oocytes has been recorded in real time following microinjection of cytochrome c. Soon after microinjection, DC becomes less negative and attains a new constant value with a half time, t m , of about 35 (+5) min at all cytochrome c concentrations greater than 1 mM. The cytosol extract of cytochrome c-injected oocytes shows DEVD proteolytic activity characteristic of aspartate specific proteases, implicating an apoptotic death pathway. In response to the delivery of cytochrome c into the cytosol, caspases are activated within 7 min while the changes in DC begin to occur after about 30 min. The method described here will be potentially useful to assess the effectiveness of cell death regulators and modulators of synthetic and biological origin, and the results presented shed light on the currently debated issue of the importance of the redox state of cytochrome c in the initiation of apoptosis. Cell Death and Differentiation (2001) 8, 63 ± 69.
Introduction
In metazoan cells cytochrome c is known to activate the apoptotic program independent of the involvement of death ligands. 1 ± 3 The death-promoting role of cytochrome c has been demonstrated directly in a Xenopus cell-free apoptosis system where mitochondria spontaneously release cytochrome c to activate caspases, leading to apoptotic nuclear morphology. 4 Using a Xenopus cell-free system it has been shown that caspase 8 can act on mitochondria for translocation of cytochrome c. 5 The apoptotic program can also be set up artificially by delivering a load of exogenous cytochrome c into the cytosol. Microinjection techniques have been used to add cytochrome c into the cytosol of a variety of mammalian cells, including human embryonic kidney 293 cells, 6 embryonic fibroblasts and tumor cells, 7 and intact neurons, 8 to show that the presence of the free form of cytochrome c in the cytosol can initiate the apoptotic program.
Microinjection experiments can be used to explore various aspects of apoptosis, including morphological, biochemical, and physiological changes at different stages of cell death. The injected cells have hitherto been scored for apoptosis by microscopic observation, 7 costaining and photography under ultraviolet illumination, 6 and by antibody staining and immunofluorescence methods. 8 In this communication we report on the use of the resting plasma membrane potential as a simple and reliable marker to follow apoptosis in a single cell with virtually no time delay after the delivery of cytochrome c. Initiation and propagation of apoptosis in intact Xenopus oocytes microinjected with cytochrome c have been studied by recording the changes in resting membrane potential by using an intracellular microelectrode. Caspase involvement has been confirmed by DEVD proteolysis assay of cell-free extracts.
In this study we first establish that the plasma membrane depolarization in response to the cytosolic load of cytochrome c is indeed a reliable marker of apoptotic death, and then study how long it takes for exogenously supplied cytochrome c to activate caspases. Since the resolution of the temporal relationship of events observed during the apoptotic process could constrain models proposed for the operative pathway, we sought to determine whether the changes in the cell morphology and the cell membrane potential monitored in our experiments lead or lag caspase activation. The results suggest that caspases are activated within 7 min of cytosolic presence of cytochrome c, and both changes in electrical properties of the cell membrane and the cell surface morphology lag caspase activation.
Results and Discussion
Morphological features of oocytes following injection of cytochrome c
Although cytochrome c-induced activation of caspases has been demonstrated in a Xenopus cell-free system, 4, 5 apoptosis of the intact oocyte has not been described. Therefore, we initially checked death in oocytes by direct microinjection of cytochrome c. Figure 1A shows the deathpromoting effect of cytochrome c, manifested in the appearance of transparent blisters, the growth of irregular mottled patterns on the cell surface, and the gradual loss of the sharp distinction between the animal (dark or pigmented) and the vegetal (white) pole. These morphologic appearances, imaged *4.5 h after microinjection of cytochrome c, and which are due to the condensation of cytoplasmic material, 3 were not observed when the microinjection protocol was simulated in control experiments ( Figure 1B ) where oocytes were injected with an equivalent volume of distilled water or with aqueous solutions of hemoglobin or barstar (a ribonuclease inhibitor protein the size of cytochrome c), suggesting that the observed features are the result of the load of cytochrome c in the cytosol. Also, the surface morphology remains unaltered when cytochrome c and Ac-DEVD-CHO, a caspase inhibitor, are coinjected (data not shown), implicating proteolytic activities of caspases for the observed changes in morphology.
The kinetics of morphological changes following cytochrome c injection
The results of cellular microinjection experiments are generally reported as the number of apoptotic cells as a function of time. 7 Clearly, the determination of the time dependence of the number of apoptotic cells based on qualitative observation of cellular morphology or of uptake of stain in a given set of induced cells, yields kinetics of population death. Some cells die early whereas others take a longer time. Figure 2 depicts the time course of the appearance of the number of mottled oocytes counting from the time of injection within a set of 24-synchronized microinjected cells. A useful parameter in this mode of presentation of results is the time for the half-maximal effect, t 1/2 . It is noteworth that t 1/2 recorded in the present experiments, 2 ± 3 h (Figure 2 ), is consistent with t 1/2 values read from the results of previous microinjection experiments on mammalian cell lines. 6, 7 Real-time recording of cell membrane depolarization during cell death
Since the physical integrity and the ion selectivity of the cell membrane maintain the electrical properties of the membrane, it occurred to us that the growth of the surface morphology, and hence the progress of cell death, could also be monitored in real time by recording the resting membrane potential of oocytes. We have used a glass micro-pipette to inject cytochrome c into Xenopus oocytes, and subsequently recorded the potential across the cell membrane with an intracellular glass microelectrode. The time delay between 
Membrane potential in Xenopus oocytes during cell death
We have recorded the potential across the plasma membrane of oocytes microinjected with cytochrome c as a function of time following injection. Figure 3A shows real-time plots of DC normalized with respect to the value recorded before the injection of cytochrome c. The initial dips in the profiles indicate recovery and restoration of the DC to the original value after the injection shock. About 40 min after injection, the DC begins to change to less negative values displaying a steep initial rise in the profile for about 40 min to reset to a new value *50% of the original. This new steady state is maintained for at least 2 ± 3 h. DC decays only slowly thereafter. At the end of 3 h, DC is close to *45% of the original value. The early decrease in DC, seen in several independent recordings using different batches of oocytes, is a discrete membrane depolarization event associated with cell death. In control runs, where oocytes were injected with an equal volume of distilled water or an aqueous solution of barstar or yeast iso-1-cytochrome c, DC did not decrease to any appreciable extent ( Figure 3A ), suggesting that it is the load of cytochrome c in the cytosol which is responsible for the observed change in membrane potential. The control experiment done with yeast iso-1-cytochrome c particularly emphasizes the usefulness of the voltage probe method, since this isoform of cytochrome c has been known to be nonapoptogenic (see, for example, reference 9 ). To show that the observed change in membrane potential is due to apoptosis and activation of DEVDase induced by microinjection of cytochrome c, we recorded the time-dependent changes in DC of oocytes after coinjection of Ac-DEVD-CHO, an inhibitor of caspase-3, and cytochrome c, such that their intracellular concentrations are 90 nM and 1.5 mM, respectively ( Figure  3A ). The result was simple: the DC was fully restored after injection shock recovery and there was no decay to less negative values.
The depolarization of the cell membrane potential indicates increased permeability of the membrane in cells following cytochrome c injection. Although the available data do not permit a description at the molecular level for the development of membrane porosity and caspase activity, it is reasonable to assume that the condensation of the cytosolic material is related to the change in DC.
It needs to be mentioned that it is not only apoptotic death that is associated with a change in DC; death due to cell injury or necrosis also leads to membrane depolarization. For example, the membrane potential recorded after poisoning the electron transport chain by injecting KCN alone to a final intracellular concentration of *2 mM shows a decay of DC in a manner very similar to that observed with cytochrome c injection (data not shown). The cytosolic extracts of these cells, however, fail to show DEVDase activity.
How is the cytosolic concentration of injected cytochrome c related to the time needed for development of membrane depolarization? To answer this question we titrated the oocytes by microinjection of different concentrations of cytochrome c, and recorded their membrane potentials in a time-resolved manner. The intracellular concentration of injected cytochrome c does not affect the time required for the observed shift in DC. This is shown in the plot of t m vs intracellular concentration of cytochrome c (in the range 1.5 ± 50 mM), where t m is the mid-point of the time taken for the change in DC counted from the start of depolarization (inset, Figure 3A) . When the intracellular concentration of cytochrome c was lowered below 1 mM, the cell membrane remained polarized, suggesting insufficiency of such a low concentration for induction of apoptosis. This threshold value of cytochrome c concentration appears intriguing, since only &0.05 mM of cytochrome c is needed to activate caspases in the Xenopus egg cell-free system. 4 We do not know for sure why the observed threshold value of cytochrome c for the intact Xenopus oocyte is so high. Since we have carried out in vivo experiments, it is possible that certain as yet unknown binder(s) of cytochrome c reduce its effective cytosolic concentration available for caspase activation.
Redox conformational requirement of cytochrome c in the induction of apoptosis A strict requirement of the native conformation of cytochrome c for the induction of apoptosis is now well established. Yang et al. 10 showed the failure of apocytochrome c in the induction of the apoptotic program, suggesting the obligatory requirement of the native conformation of holocytochrome c. A similar result that biotinylated cytochrome c fails to induce apoptosis in normal rat kidney cells has also been reported. 7 In the course of these experiments we also attempted to examine the effect of the two redox conformations of cytochrome c, ferricytochrome c and ferrocytochrome c, on the time course of plasma membrane depolarization. The electron transfer function of cytochrome c involves reversible transformation of the protein between the ferric (Fe 3+ and the ferrous (Fe 2+ ) form (ferricytochrome c Ö ferrocytochrome c). On the premise that the crystal structures of the two oxidation states of the holoprotein are very similar, 11 ± 13 it is expected that the role of cytochrome c in apoptotic death would be independent of the redox state. An in vitro model indeed indicated that either oxidation state is effective in the activation of caspases.
14 Two recent reports, however, appear to indicate that it is ferricytochrome c, and not ferrocytochrome c, that is required for caspase activation. 15, 16 In our experiments we compared the kinetics of plasma membrane depolarization induced by oxidized cytochrome c and dithionite-reduced cytochrome c added to the cytosol by microinjection. In the time dependence of the change of DC, shown in Figure 3A , we observe a time lag of *20 min for the oxidized state of cytochrome c relative to the reduced one. Small variations in the amount of cytochrome c injected are unlikely to cause the lag as the kinetics of depolarization are insensitive to cytochrome c concentration (inset, Figure 3A) . A likely explanation of this observation is the requirement of intracellular reduction of cytochrome c to ferrocytochrome c, which alone may activate caspase. To test this possibility we examined the time requirement for cytosolic reduction of oxidized cytochrome c. Optical absorption spectra of mitochondria-free cytosol extracts from oocytes injected with ferricytochrome c (or oxidized cytochrome c) indicate that the heme chromophore initially stays oxidized. Figure 3B shows the spectrum of cytochrome c of the cell-free extract prepared within *2 min of microinjection. The Soret maximum of 409 nm indicates that cytochrome c stays oxidized initially. Slow reduction, however, sets in and results in essentially complete reduction at longer times. For example, the spectrum recorded 60 min after microinjection, shown in Figure 3B , exhibits a red shift of the Soret maximum from 409 to 413 nm with a concomitant increase in the extinction coefficient together with the appearance of Q bands at 520 and 549 nm. This demonstrates the reduction of ferricytochrome c to ferrocytochrome c. The time course of the reduction reaction was followed in cell-free extracts using the increase in absorbance at 549 nm (inset, Figure 3B ). The kinetics yield a rate constant of 0.08 min 71 . Similar observations of the reduction of cytochrome c were made in cell free extracts prepared at different time intervals after injection of cytochrome c into a batch of oocytes (data not shown). The time lag observed prior to depolarization of oocytes injected with ferricytochrome c ( Figure 3A) correlates well with the kinetics of reduction deduced from these experiments, and appears to suggest that ferricytochrome c first undergoes reduction to ferrocytochrome c in order to bring about the observed changes in plasma membrane potential. An immediate requirement then is to demonstrate directly the null effect of oxidized cytochrome c in the induction of membrane depolarization and death. We have been unable to do this due mainly to the difficulty of maintaining the injected cytochrome c in the oxidized state in vivo. Hampton et al.
14 in their in vitro experiments used minimal quantities of cyanide to maintain the protein in its oxidized state to demonstrate its efficacy in activating caspases. We are currently grappling with the technical difficulties of using a similar approach in vivo.
Failure of yeast iso-1-cytochrome c in the induction of apoptosis
We recorded the change in DC of Xenopus oocytes following microinjection of yeast iso-1-cytochrome c. Figure 3A shows no depolarization of membrane potential following microinjection of yeast iso-1-cytochrome c. This is consistent with earlier reports of the inability of this isoform of cytochrome c to induce apoptosis (see, for example, reference 9 ), and establishes the utility of the depolarization assay as an early indicator of caspase-activation. The ineffectiveness of yeast iso-1-cytochrome c in initiating apoptosis still remains a puzzling issue because the yeast protein bears high structural similarity with eukaryotic cytochromes c.
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Induction of DEVDase activity by injected cytochrome c
To ascertain that the death of Xenopus oocytes is indeed due to a canonical apoptotic pathway it is necessary to show that the injected cytochrome c turns on the functional activity of aspartate specific proteases.
2 Figure 3A establishes that inhibition of caspase activity by Ac-DEVD-CHO prevents both the morphological and membrane potential changes caused by cytochrome c. More directly, we have followed the hydrolysis of the specific fluorogenic substrate Z-DEVD-AFC in cell-free extracts prepared from oocytes injected with cytochrome c. The time-dependence of the increase in the fluorescence of free AFC in the apoptotic cell-free extract, shown in Figure 4 , suggests cytochrome c-induced activation of aspartate protease(s), and hence death due to apoptosis. The steady-state fluorescence emission spectrum of a mitochondria-free extract (inset, Figure 4) , prepared from cytochrome c-injected cells, recorded after the addition of Z-DEVD-AFC also indicates hydrolysis of the substrate and release of the fluorophore. The cell-free extracts prepared from oocytes injected with yeast iso-1-cytochrome c, however, produced no DEVDase activity, consistent with its inability to induce apoptosis. Also, extracts of cells which were injected with both cytochrome c and Ac-DEVD-CHO failed to show Z-DEVD-AFC hydrolysis. These results show that the loss of membrane potential in cells injected with cytochrome c is correlated with the initiation of the apoptotic cascade.
Comparison of morphological changes and membrane depolarization Figure 2 presents the kinetics of the appearance of morphological changes on the surface of cells injected with cytochrome c. These provide a measure of the death of a population of cells and demonstrate the variability of response from cell to cell with some cells dying early and others surviving through the entire period of observation. On the other hand, the time dependence of the change of the resting membrane potential is similar for all microinjected cells, suggesting that the change in DC is an early and general event during cell death. A decline in DC, however, may not mean that all metabolic activities including the functional activities of macromolecules would halt simultaneously, implying that the rate measured for the death of a single cell is probe dependent. Thus, the DEVDase activity can be monitored for a much longer period of time even though the membrane is depolarized sharply within *90 min of injection of cytochrome c. In the context, it should be made clear that capases, at least upstream ones, are activated soon after the appearance of cytochrome c in the cytosol, but their activity can be assayed at a much later time point partly due to their persistence in dying cells, and possibly due to delayed recruitment of downstream capases. Time dependent measurements of different physical and chemical probes following microinjection would help in establishing the chronology of events during cell death.
Sequence of events during apoptosis
How soon are caspases activated in response to cytosolic presence of cytochrome c? In cytochrome c-dependent death pathways translocation of cytochrome c from mitochondria is essential for recruiting caspases into action. 2 The direct delivery of exogenous cytochrome c into the cytosol abolishes the need for a death signal and subsequent release of cytochrome c from mitochondria. An important point to consider is the time interval between the appearance of cytochrome c in the cytosol and the onset of caspase activity. We performed a set of experiments in which oocytes microinjected with cytochrome c were¯ash frozen at different time intervals. Later, cell extracts of the frozen cells were prepared rapidly, and DEVDase activity was determined using the¯uorescence assay. Figure 5 shows the results for eight time points (0, 7, 12, 17, 22, 27, 32, and 42 min) after the injection. Clearly, caspases are activated within 7 min of cytosolic presence of cytochrome c, and Ac-DEVD-CHO inhibits the proteolytic activity. The family of time traces also shows that the rate of hydrolysis of Z-DEVD-AFC increases as the time interval between microinjection and freeze quenching increases ( Figure 5 ). This is due most likely to multi-step recruitment of different caspases as apoptosis progresses. DEVD-AFC is cleaved primarily by caspase-3, but other active caspases such as caspase-6, -7, and -8 may also act on it. Since the downstream caspases are expected to be activated only at later times, the higher rate of hydrolysis of DEVD-AFC at times long after addition of cytochrome c is not unexpected.
When does cell membrane depolarization occur in relation to other apoptotic events? Figure 3A shows an interval of at least 20 min between microinjection and the onset of depolarization of the cell membrane, but we have seen that caspases are activated within 7 min of delivery of cytochrome c into the cytosol ( Figure 5 ). It, thus, becomes clear that membrane depolarization occurs well after caspase activation. Morphological changes associated with apoptosis are much later events. We have no data at the molecular level to trace out the exact sequence of events during apoptosis leading to membrane depolarization. While we continue to work in this direction, the results presented in this study lead to a better understanding of the events and their temporal resolution in the cytochrome c-dependent death pathway.
Summary
The findings of this study are recapitulated in view of the canonical cytochrome c-dependent death pathway (see, for example, reference 2 ) summarized below. Caspase activity appears within 7 min of the presence of cytochrome c in the cytosol. Improved time resolution of our experiments may decrease this time interval. Plasma membrane depolarization, a later event, appears after about 30 min, and in about 3 h the membrane loses its physical integrity. Finally, we stress that the plasma membrane depolarization is a discrete event associated with cell death. The single oocyte microinjection experiments and the electrochemical voltage probe can be used to monitor cell death. The effectiveness of any inhibitor or effector can be readily tested by injection into these oocytes simultaneously with cytochrome c or at selected intervals thereafter.
Materials and Methods
Materials
Oocytes were extruded from the peritoneal cavity of anaesthetized Xenopus laevis through a ventral incision, and collected in ORMg medium (concentrations in mM: NaCl 82.5, KCl 2, MgCl 2 20, HEPES 5, pH 7.5). The cells were used within 24 h of collection, and with collagenase treatment (1 mg Sigma collagenase per ml of ORMg). Horse heart cytochrome c and yeast iso-1-cytochrome c were obtained from Sigma (St. Louis), and an aqueous solution of the protein (pH *7.5) was used without further purification. Reduced cytochrome c was prepared by adding a minimal quantity of Sodium Dithionite to the aqueous solution of the protein. Excess dithionite was removed by passing the solution through a Sephadex G25 column equilibrated in water. The concentration of cytochrome c was determined spectrophotometrically by using the extinction coefficient, e 409 , of 1.06610 5 M 71 cm 71 . 18 Other chemicals and reagents used were of highest purity.
Microinjection of cytochrome c
Typically, 46 nl aqueous solutions of cytochrome c, contained in a capillary needle, was microinjected into each oocyte using a microinjector (Nanoject TM , Drummond). For calculation of the final intracellular concentration of injected cytochrome c, the cytosolic volume of an oocyte was taken to be *1 ml.
Measurement of membrane potential
Resting membrane potential of cytochrome c-injected oocytes bathed in ND96 medium (concentrations in mM: NaCl 96, KCl 2, CaCl 2 1.8, MgCl 2 1, HEPES 5, pH 7.5) was recorded with an intracellular microelectrode attached to the voltage probe of a two-electrode voltage clamp amplifier (Warner Instrument Co., NJ, USA). The electrode was filled with 3 M KCl and typically had an initial tip resistance of 1 MO. Transmembrane potentials were recorded at room Figure 5 Assay of DEVDase activity in Xenopus oocyte extracts prepared at different time intervals following delivery of cytochrome c (2 mM) into oocytes. Hydrolytic release of AFC monitored from oocytes frozen at 0, 7, 12, 17, 22, 27, 32, and 42 min after injection of cytochrome c. Concentration of Z-DEVD-AFC in the assay mixture was 150 nm. To show that the AFC hydrolysis reaction is competitively inhibited by Ac-DEVD-CHO, the inhibitor was added to a final concentration of 80 nM at the 35th minute of the run of the extract made from oocytes frozen 27 min after injection of cytochrome c temperature in a time-resolved manner. The dead-time of measurement defined as the time lapsed between the injection and the beginning of measurement was 1 to 2 min.
Measurement of kinetics of reduction of ferricytochrome c
The absorption spectra of cytochrome c in cell free extracts (prepared in 100 mM phosphate buffer, pH 7) was recorded in a Cary100 UVvisible spectrophotometer (Varian). The reduction kinetics were monitored at 549 nm. To monitor kinetics of intracellular reduction of cytochrome c, cell-free extracts were prepared at specified times following injection and optical spectra recorded immediately.
Assay of proteolytic activity of DEVDase
About 3 h after the injection of cytochrome c, 12 oocytes were homogenized in the lysis buffer (50 mM HEPES buffer, pH 7.5, containing 10% sucrose and 0.1% Triton X-100). The use of PBS, pH 7.4, instead of the lysis buffer did not affect the result. Following removal of cell debris and mitochondria from the homogenate by centrifugation, the supernatant was diluted 10-fold with PBS, and incubated at 378C for about 30 min in the presence of 1 mM DTT. 4 ml of a 50 mM solution of Z-DEVD-AFC (Pharmingen), dissolved in DMSO, 19 was added to the incubate in a quartz 1 cm square cell to obtain a final concentration of 125 nM. Fluorescence was measured in a SPEX Fluorolog 2 fluorometer (excitation: 400 nm, and emission: 505 nm).
